Recently, we identified a novel receptor, CD134, which interacts with the human herpesvirus 6B (HHV-6B) glycoprotein (g)H/ gL/gQ1/gQ2 complex and plays a key role in the entry of HHV-6B into target cells. However, details of the interaction between the HHV-6B gH/gL/gQ1/gQ2 complex and CD134 were unknown. In this study, we identified a cysteine-rich domain (CRD), CDR2, of CD134 that is critical for binding to the HHV-6B glycoprotein complex and HHV-6B infection. Furthermore, we found that the expression of HHV-6B gQ1 and gQ2 subunits was sufficient for CD134 binding, which is different from the binding of human herpesvirus 6A (HHV-6A) to its receptor, CD46. Finally, we identified a region in gQ1 critical for HHV-6B gQ1 function. These results contribute much to our understanding of the interaction between this ligand and receptor.
S
hortly after its discovery, human herpesvirus 6 (HHV-6) was recognized as a single virus species comprised of two variants, HHV-6A and HHV-6B (1) (2) (3) (4) . Recently, HHV-6 variants have been reclassified as two virus species based on the different biocharacteristics of these two viruses with respect to the fields of biology, immunology, and epidemiology, and so on (5) .
One striking difference between HHV-6A and HHV-6B is their cell tropism. HHV-6A infects a wider range of cells than HHV-6B (5-7). Although determinants of viral cell tropism lie in each step of the virus life cycle in target cells, the differences in receptor preference of HHV-6A and -6B may contribute much to their cell tropism. Human CD46 was identified as the cell receptor for HHV-6 (8) and binds the HHV-6A gH/gL/gQ1/gQ2 complex (9, 10) . Interestingly, we found that a similar glycoprotein complex exists in HHV-6B but does not bind to CD46 (11, 12) , even though it shares a relatively high sequence identity with the glycoprotein in HHV-6A (especially the gH and gL components). Recently, we found that human CD134 is a specific cellular receptor for HHV-6B and binds to the HHV-6B gH/gL/gQ1/gQ2 complex (13) . While CD46 is expressed on all nucleated cells (14, 15) , CD134 is expressed mainly on activated T cells (16) . The different expression profiles of these two cellular receptors may be one of the key determinants of the differences in cell tropism of HHV-6A and -6B. However, it is still unknown how these two similar viral ligands bind to different cellular receptors.
Analysis of the receptor-ligand binding process would contribute not only to our understanding of the viral life cycle itself but also to the development of treatment methods to block the virus life cycle at the first step. Much is known about the receptor-ligand binding of HHV-6A. Short consensus repeats 2 and 3 (SCR2 and -3) of CD46 are required for its binding to the HHV-6A gH/gL/ gQ1/gQ2 complex (17, 18) , and complex formation is required for CD46 binding to its viral ligand (19, 20) . However, no such analysis of the binding of HHV-6B ligand to CD134 had been performed.
Thus, in the present study, we focused first on the domain(s) of CD134 required for HHV-6B ligand binding.
Comparison of the two gH/gL/gQ1/gQ2 complexes of HHV-6A and -6B revealed higher sequence identities between either the gH or gL subunits of HHV-6A and -6B (21-23). We reported previously that the chimeric complex composed of gQ1 and gQ2 of HHV-6A and gH and gL of HHV-6B could bind to CD46 (24) . Furthermore, the chimeric complex composed of gQ1 and gQ2 of HHV-6B and gH and gL of HHV-6A could bind to CD134 (13) . Thus, it could be inferred that the gH and gL subunits of HHV-6A and -6B do not contribute to the binding of the tetrameric complexes to different receptors. On the other hand, the gQ1 and gQ2 subunits of HHV-6A and -6B share relatively low sequence identity (21) (22) (23) , and we have confirmed that a chimeric complex composed of gQ2, gH, and gL of HHV-6B and gQ1 of HHV-6A could bind CD46, although at a lower affinity (24) . Therefore, it is highly likely that the gQ1 subunit is responsible for the differential receptor binding of the gH/gL/gQ1/gQ2 complexes of HHV-6A and -6B. Because the gQ1 subunits share approximately 70% sequence identity (21) (22) (23) , it was possible to test which residues (or regions containing these residues) determine receptor binding.
In the present study, we analyzed the CD134 domain and identified the components required for receptor-ligand binding of HHV-6B. We found that CRD2 of CD134 is required for binding the expression of the proteins of interest. These cells were lysed with TNE buffer (10 mM Tris-HCl [pH 7.8], 0.15 M NaCl, 1 mM EDTA, 1% NP-40; Nacalai Tesque). After a washing with TNE buffer, the proteins bound to Ni-NTA were eluted with 250 mM imidazole and prepared for Western blot analysis.
Immunoprecipitation assay and immunoblotting. The methods for the immunoprecipitation assay and immunoblotting were described previously (20) .
RESULTS

CRD2
of CD134 is essential for binding to the HHV-6B ligand. CD134 belongs to the tumor necrosis factor (TNF) receptor superfamily, and its ectodomain contains four CRDs and a stalk domain (31) . To identify which domain(s) in CD134 is required for HHV-6B glycoprotein complex binding, we constructed several CD134 deletion mutants and transfected 293T cells with plasmids expressing these mutants together with the gH, gL, gQ1, and gQ2 subunits of HHV-6B. Interaction of the HHV-6B glycoprotein complex with each CD134 mutant was then analyzed by immunoprecipitation assay. Deletion of CRD1 to -4, CRD1 and -2, or CRD2 completely abolished the interaction, and deletion of CRD3 and -4 or CRD1 partially affected the interaction (Fig. 1A) . To confirm this result, we repeated these experiments using chimeric CD134s, in which one segment of human CD134 had been replaced with the corresponding region of murine CD134 (hCD134 mX). In agreement with the previous results, replacement of CRD1 to -4, CRD1 and -2, or CRD2, but not CRD1, completely abolished the interaction (Fig. 1B) . In all experiments, we used anti-gO antibody as a negative control for immunoprecipitation assays, and none of these proteins could be precipitated by this antibody (data not shown). These results indicate that CRD2 of human CD134 is critical for its interaction with the HHV-6B gH/gL/gQ1/gQ2 complex.
CRD2 of human CD134 is required for HHV-6B infection. To further confirm whether CRD2 is required for HHV-6B infection, we constructed JJhan cell lines in which wild-type human CD134 or chimeric mutants of human and murine CD134 were expressed. In our previous study, we showed that CD134 is expressed at low levels in the JJhan cells, which are rarely permissive for HHV-6B infection (13) . Expression of each protein on the cell surface was confirmed by flow cytometry ( Fig. 2A) . These cells were then infected with HHV-6B, and the infection efficiency was analyzed at 24 h postinfection by Western blotting using an anti-IE1 antibody. As shown in Fig. 2B , cells expressing human CD134 and CD134 mutants with CRD1 and -2 of human CD134 (hCD134 m3-4) showed similar levels of sensitivity to HHV-6B infection. Cells expressing the CD134 mutants containing CRD1 to -4 or CRD1 and -2 of murine CD134 (hCD134 m1-4 or hCD134 m1-2) showed little sensitivity to HHV-6B infection, and cells expressing the CD134 mutant with murine CRD1 and human CRD2 (hCD134 m1) exhibited reduced sensitivity to HHV-6B. Although we also tried to generate JJhan cells expressing a CD134 mutant with human CRD1 and murine CRD2 (hCD134 m2), the expression level of this mutant on the cell surface was extremely low, so this mutant was not included in the analyses (data not shown). These results indicate that CRD2 of human CD134 is essential for HHV-6B infection.
Soluble forms of CD134 containing CRD2 block HHV-6B infection. We also constructed several soluble CD134 mutants to test whether mutants containing the CRD2 of human CD134 could block HHV-6B infection. The ectodomains of the CD134 mutants described above (chimeric CD134) were fused with the Fc fragment of human IgG1 and tagged with a His tag at their carboxyl termini. The secreted soluble forms of the CD134 mutants were purified and confirmed by Western blot analysis (Fig. 3,  top) . These soluble proteins were incubated with the HHV-6B virus, and the viruses were then used to infect to MT4 cells. The ability of each soluble form to inhibit HHV-6B infection was analyzed at 24 h postinfection by Western blot analysis using anti-IE1 antibody. As shown in Fig. 3 (middle and bottom) , soluble proteins containing CRD1 and -2 of human CD134 (hCD134 m3-4FcHis) or CRD1 of murine CD134 and CRD2 of human CD134 (hCD134 m1FcHis) completely blocked HHV-6B infection. Conversely, the mutant containing murine CRD2 (hCD134 m2FcHis) had little effect on HHV-6B infection. Finally, the murine CD134 mutant containing CRD1 and -2 of human CD134 (mCD134 h1-2FcHis) also efficiently blocked HHV-6B infection. We obtained similar results when CBMCs were used (data not shown). Together, these results strongly suggest that CRD2 of human CD134 is crucial for HHV-6B infection. These results are summarized in Table 1 .
HHV-6B gQ1 and gQ2 are required and sufficient for CD134 binding. We reported previously that all of the components of the HHV-6A gH/gL/gQ1/gQ2 complex are required for CD46 binding (20) . To determine whether this is also the case for the HHV-6B complex, we performed a pulldown assay. As shown previously (20) , CD46 bound to the HHV-6A gH/gL/gQ1/gQ2 complex only when all of the glycoproteins were expressed together. In addition, CD46 did not bind to the complex of HHV-6B, even when all of the gH/gL/gQ1/gQ2 complex glycoproteins were expressed together. Interestingly, CD134 could bind the HHV-6B glycoprotein complex even when only two of the glycoproteins, gQ1 and gQ2, were coexpressed, although CD134 could not bind to gQ1 or gQ2 alone (Fig. 4) . These results indicate that HHV-6B gQ1 and gQ2 are required and sufficient for CD134 binding.
The secreted HHV-6B gQ1/gQ2 complex binds to CD134. To confirm the above results, we constructed an HHV-6B gQ1 subunit with an Fc fragment and His tag at its C terminus. We then expressed the gQ1 construct with (or without) HHV-6B gQ2 in 293T cells. Secreted gQ1 was purified and confirmed by Western blot analysis (Fig. 5A) , and binding of these proteins to CD134-expressing JJhan cells was confirmed by flow cytometry. As shown in Fig. 5B , secreted HHV-6B gQ1 alone could not bind to CD134-expressing cells. On the other hand, the secreted HHV-6B gQ1/ gQ2 complex could bind to CD134-expressing cells. These data further confirm that HHV-6B gQ1 and gQ2 are required and sufficient for binding to CD134.
Identification of amino acid residues in HHV-6B gQ1 required for its function. As described above, it is highly likely that gQ1 contributes to receptor selection of HHV-6A and -6B, even though the gQ1 subunits share 70% sequence identity. We partially replaced a segment of HHV-6B gQ1 with the homologous segment of HHV-6A gQ1 and tested whether the chimeric gQ1 was recognized by AgQ1 1-1 (19) and KH-1 (11), neutralizing antibodies for HHV-6 gQ1 that recognize HHV-6A gQ1 and HHV-6B gQ1, respectively. We also examined whether the complexes formed with the chimeric gQ1s could bind to CD134 or CD46. When the constructed chimeric gQ1s were used, several interesting results were obtained. When we replaced amino acid residues 1 to 122 of HHV-6B gQ1 with the homologous region of HHV-6A gQ1 (amino acid residues 1 to 130), the resultant gQ1 protein (BgQ1mA130) could be recognized by the MAb KH-1and form a complex to bind CD134 ( Fig. 6A and B) . However, when two more amino acid residues were replaced (L131T and E135Q), the resultant protein, BgQ1mA135, could be recognized by neither KH-1 nor AgQ1 1-1 and could not form a complex to bind to CD134 (data not shown). Furthermore, when only E135 of 
FIG 3 Soluble CD134 blocks HHV-6B infection. Soluble CD134 proteins
were purified from the culture medium of 293T cells transfected with plasmids for the expression of these proteins, and expression was confirmed by Western blot (WB) analysis (top). These proteins were incubated with HHV-6B, which was then used to infect MT4 cells. The cells were harvested at 24 h postinfection and prepared for Western blot analysis (middle and bottom). 
NT NT ϩ a hCD134, human CD134; mCD134, murine CD134; m1-4, cysteine-rich domains 1 to 4 of mCD134; h1-2, cystein-rich domains 1 and 2 of hCD134; NT, not tested.
BgQ1mA130 was replaced with Q, the resultant protein, BgQ1mA130(E135Q), could not be recognized by KH-1 and could not form a complex to bind CD134 ( Fig. 6A and B) . More interestingly, both BgQ1mA130 and BgQ1mA130(E135Q) could form a complex with gH, gL, and gQ2 of HHV-6A, which binds to CD46 (Fig. 6B) . As mentioned previously, the HHV-6B gH/gL/ gQ1/gQ2 complex did not bind to CD46 (12) , even when HHV-6B gQ1 formed a complex with HHV-6A gH, gL, and gQ2 (19) (Fig. 6C ). These data indicate that the region containing amino acids 1 to 127 (the homologous region of amino acids 1 to 135 of HHV-6A gQ1) of HHV-6B gQ1 is crucial for its function and E127 of HHV-6B gQ1 may play a key role for ligand-receptor interaction. To confirm this, we replaced Q135 of HHV-6A gQ1 with E (AgQ1Q135E) and replaced E127 of HHV-6B gQ1 with Q (BgQ1E127Q), and then we tested their binding to CD46 and CD134. We found that the replacement had no effect on HHV-6A gQ1 function (formation of a complex to bind CD46 in the case of coexpression with HHV-6A gQ2, gH, and gL but not those of HHV-6B), but the resultant HHV-6B gQ1 could not form a complex to bind to CD134 and CD46 (in the case of coexpression both with HHV-6B gQ2, gH, and gL and with those of HHV-6A) (Fig.  6D ). These data suggest that E127 is crucial for the function of HHV-6B gQ1, but the homologous position (Q135) of HHV-6A is not required for its function, at least for CD46 binding.
DISCUSSION
Investigation of the interaction between viral ligands and their cellular receptors is important for elucidating virus entry events and developing therapies for the treatment of viral infections. Recently, we identified the HHV-6B entry receptor, CD134 (13); however, the detailed binding process of this ligand and receptor pair was unknown. In the present study, we determined that CRD2 of human CD134 is critical for its binding to the HHV-6B gH/gL/gQ1/gQ2 complex and found that HHV-6B gQ1/gQ2 complex formation is sufficient for binding to CD134. Finally, we also identified a region in HHV-6B gQ1 that is required for its function.
The interaction between CD134 and its natural ligand, OX40L, has been elucidated by X-ray crystallography. It is highly likely that an interaction interface formed by CRD1 to -3 of CD134, rather than the binding of specific amino acids, is required for its binding to OX40L (31) . In contrast to binding of OX40L, we found that CRD2 of human CD134 is essential for its binding to the HHV-6B gH/gL/gQ1/gQ2 complex. Deletion or replacement of CRD2 with the homologous region from murine CD134 completely abolished its binding to the HHV-6B complex (Fig. 1) , which corresponded to the results showing that the expression of a chimeric CD134 containing murine CRD1 and -2 completely prevented HHV-6B infection (Fig. 2) . Binding of HHV-6A gH/gL/gQ1/gQ2 to CD46 requires the coordinate expression of gH, gL, gQ1, and gQ2 (20) . It remains unknown whether this is because of a requirement for the interaction interface formed by the four components or the conformational structure of the component(s) in the complex that is formed only during coexpression. Different from the case of HHV-6A, binding of the HHV-6B gH/gL/gQ1/gQ2 complex to CD134 requires only the coexpression of gQ1 and gQ2. This binding pattern is comparable to binding of the Epstein-Barr virus (EBV) gH/gL/gp42 complex to its receptor, HLA class II, during which gp42 can bind to HLA class II alone (32) . Similar to HHV-6A binding, it remains unknown whether the interaction interface formed by gQ1 and gQ2 of HHV-6B or the conformational structure of gQ1 that is formed only during coexpression is required for CD134 binding. Interaction with gQ2 alone would be sufficient for exposure of the HHV-6B gQ1 binding domain to CD134; however, complex formation with gH, gL, and gQ2 would be required for exposure of the HHV-6A gQ1 domain for CD46 binding. The dynamic folding of the gQ1 protein may play an important role in determining HHV-6 entry.
The key amino acid residues required for the binding of viral ligands to their cellular receptors or maintaining their conformational structures in other viruses have been reported (33) (34) (35) (36) (37) . Previously, we reported that amino acid residues 494 to 497 of HHV-6A gQ1 and 484 to 496 of HHV-6B gQ1 are important for the function of gQ1 proteins (11, 19) . Here, we found that an E127Q mutation in HHV-6B gQ1 could completely abolish its function. Analysis of the conformational structures of the gH/gL/ gQ1/gQ2 complexes of HHV-6A and -6B would contribute to our understanding of why these amino acid residues are important for the function of gQ1 in these complexes.
Previously, we reported that two MAbs, AgQ1 1-1 and KH-1, specificallyrecognizethegQ1subunitsofHHV-6AandHHV-6B,respectively. AgQ1 1-1 efficiently neutralizes HHV-6A (19) but not HHV-6B infection, and KH-1 efficiently neutralizes HHV-6B but not HHV-6A infection (11) . It was unknown whether the epitopes of these MAbs overlap the receptor-binding domains within the gQ1 proteins. In the present study, BgQ1mA130(E135Q) and BgQ1mA130 could not be recognized by AgQ1 1-1 (data not shown) but did form a complex with HHV-6A gH, gL, and gQ2 that could bind to CD46, but their binding looked very weak (Fig. 6B ). This may suggest that neutralization by AgQ1 1-1 does not occur via a direct effect on the interaction interface of the HHV-6A complex and CD46.
Replacement of amino acid residues 1 to 122 of HHV-6B with the homologous region of HHV-6A gQ1 renders it able to interact with CD46, although only in the case of coexpression with HHV-6A gH, gL, and gQ2 ( Fig. 6A and B) . This finding suggests that the domain of HHV-6A gQ1 responsible for binding to CD46 may lie in the replaced domain. However, we cannot rule out the possibility that replacement and coexpression events expose the CD46-binding domain in HHV-6B gQ1 (presuming that HHV-6B gQ1 has a CD46-binding domain).
In summary, we have identified the key domain in CD134 and components in the HHV-6B gH/gL/gQ1/gQ2 complex required for their interaction. We also identified the region in HHV-6B gQ1 required for its function. The present study provides the basis for further analysis of their interaction, such as conformational structure analysis of HHV-6A and -6B ligands in complex with their cellular receptors.
